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Abstract
The turbulence in the diffuse intergalactic medium (IGM) plays an important role in various astrophysical
processes across cosmic time, but it is very challenging to constrain its statistical properties both observationally
and numerically. Via the statistical analysis of turbulence along different sight lines toward a population of fast
radio bursts (FRBs), we demonstrate that FRBs provide a unique tool to probe the intergalactic turbulence. We
measure the structure function (SF) of dispersion measures (DMs) of FRBs to study the multiscale electron density
ﬂuctuations induced by the intergalactic turbulence. The SF has a large amplitude and a Kolmogorov power-law
scaling with angular separations, showing large and correlated DM ﬂuctuations over a range of length scales.
Given that the DMs of FRBs are IGM dominated, our result tentatively suggests that the intergalactic turbulence
has a Kolmogorov power spectrum and an outer scale on the order of 100 Mpc.
Uniﬁed Astronomy Thesaurus concepts: Radio transient sources (2008); Intergalactic medium (813);
Hydrodynamics (1963)
(Evoli & Ferrara 2011). The intergalactic turbulence signiﬁcantly affects the dynamics of baryon ﬂuid, galaxy–IGM
interplay, ampliﬁcation of magnetic ﬁelds, and enrichment of
metals in the IGM through cosmic time (Evoli 2010). Despite
the observational and numerical evidence indicating the
presence of intergalactic turbulence (e.g., Rauch et al. 2001;
Iapichino et al. 2011), unlike the turbulence in the ISM and
ICM, the statistical properties of intergalactic turbulence are
poorly constrained by observations, as the detection and
measurements of the tenuous IGM are very challenging.
Moreover, the statistical analysis of the large-scale intergalactic
turbulence is infeasible with current computational resources
(Iapichino et al. 2011).
Transient extragalactic radio bursts, such as fast radio bursts
(FRBs), have their dispersion measures (DMs) dominated by
the contribution of the IGM (Lorimer et al. 2007; Thornton
et al. 2013; Petroff et al. 2016) and are powerful probes of the
intergalactic turbulence (Macquart & Koay 2013; Ravi et al.
2016; Xu & Zhang 2016b). Besides the scattering effect that
causes the temporal broadening for individual FRBs (Macquart
& Koay 2013; Zhu et al. 2018), density ﬂuctuations induced by
intergalactic turbulence can also give rise to ﬂuctuations in
DMs of different FRBs. Similar to using Galactic pulsars to
sample the interstellar turbulence (Armstrong et al. 1995; Xu &
Zhang 2017), we can also use a substantial population of FRBs
to sample the intergalactic turbulence. With a range of
separations between sight lines through the IGM, FRBs can
provide the measurement on the scale-dependent DM ﬂuctuations induced by the multiscale intergalactic turbulence. For the
ﬁrst time, we perform a statistical measurement of the
intergalactic turbulence by using a population of FRBs. In this
Letter, we apply the statistical method developed by Lazarian
& Pogosyan (2016, hereafter LP16) for extended sources to
point sources. The same statistical approach can also be used
for, e.g., other extragalactic point sources (Xu & Zhang 2016a),
molecular cloud cores (Xu 2020), Galactic pulsars, to study the
ﬂuctuations of observables in various media and the associated
astrophysical processes. The basic formalism of the statistical
method is presented in Section 2. In Section 3, we compare the

1. Introduction
Turbulence is ubiquitous in astrophysical plasmas in both
local and high-redshift universe (Brandenburg & Lazarian 2014). It accompanies the large-scale structure formation
and ampliﬁes cosmic magnetic ﬁelds (Ryu et al. 2008). It
inﬂuences multiscale diverse astrophysical processes, such as
star formation (McKee & Ostriker 2007), cosmic ray propagation (Xu & Yan 2013), magnetic reconnection, and particle
acceleration (Zhang & Yan 2011; Lazarian et al. 2020).
The fundamental problem of turbulence is turbulent statistics
(Chandrasekhar 1949). The statistical studies of astrophysical
turbulence greatly beneﬁt from the recent development of
turbulence measurement techniques, including, e.g., the
principal component analysis (Heyer & Peter Schloerb 1997),
Velocity Channel Analysis (Lazarian & Pogosyan 2000),
Velocity Coordinate Spectrum (Lazarian & Pogosyan 2006),
core velocity dispersion (Qian et al. 2012), polarization
variance analysis and polarization spatial analysis (Lazarian
& Pogosyan 2016), and velocity gradient technique (Yuen &
Lazarian 2017). Statistical measurements of velocity ﬁeld
(Chepurnov et al. 2010; Li et al. 2020; Xu 2020), density ﬁeld
(Armstrong et al. 1995; Burkhart et al. 2009; Chepurnov &
Lazarian 2010), magnetic ﬁeld (Han et al. 2004; Gaensler et al.
2011), and other observables associated with turbulence (Xu &
Zhang 2016b, 2017) reveal both the properties and important
roles of turbulence in the interstellar medium (ISM) and
intracluster medium (ICM).
Turbulence in the intergalactic medium (IGM) is closely
related to the formation of large-scale structure in the universe.
For the turbulence of non-primordial origin, the possible
driving mechanisms include cosmological shocks in ﬁlaments
(Ryu et al. 2008) and supernovae-driven galactic outﬂows
3
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Figure 1. Sketches of (a) a thin turbulent screen between the sources (FRBs) and the observer and (b) a turbulent volume along the entire LOS containing both the
sources and the observer. The open circles indicate the 2D positions of FRBs projected on the sky plane.

measured structure function (SF) of DMs of FRBs with our
theoretical expectation. Discussion and conclusions are given
in Section 4.

Case (1): a thin turbulent screen.In this case, the SF of DMs
is
D (R) = á[DM (X1) - DM (X2)]2 ñ

2. Structure Function Analysis of DMs

⎡
= ⎢
⎣

In a turbulent medium, we consider that the correlation
function (CF) of electron density ﬂuctuations dne follows the
power-law scaling
x (R , Dl) = ádne (X1, l1) dne (X2, l2)ñ
L im
= ádne2ñ m
m ,
L i + (R 2 + Dl 2) 2

dlne (X1, l) -

= 4 ádne2ñ

ò0

L

ò0

L

⎤2
dlne (X2, l) ⎥
⎦

d Dl (L - Dl)

⎡
⎤
Lm
L im
⎢ m i
m ⎥,
m
m
2
2
⎣ L i + Dl
L i + (R + Dl ) 2 ⎦

(1 )

(3 )

where the expression in Equation (1) is used. When the
thickness of the turbulent screen L is larger than Li, it has
asymptotic scalings in different regimes (LP16),

where X is the 2D position of the source on the sky plane, l is
the distance along the line of sight (LOS), R = ∣X1 - X2∣ is the
projected separation between sources, Dl = l1 - l2 , and the
angle brackets denote an ensemble average. R can be converted
to the angular separation θ by q = R L . Here L is the size of
the turbulent medium that extends from the observer to a
distance L. The above power-law form of CF is commonly
used for describing ﬂuctuations in observables induced by
turbulence (LP16; Xu & Zhang 2016a; Xu 2020). The
correlation length Li and the power-law index m characterize
the statistical properties of turbulence. m is related to the 3D
power-law index of a turbulent spectrum α by
a = - m - 3.

ò0

L

D (R) » 4⟨dne2 ⟩L i-m LR m + 1, R < L i ,

(4a)

D (R) » 4⟨dne2 ⟩L im LR-m + 1, L i < R < L,

(4b)

D (R) » 4⟨dne2 ⟩L im L-m + 2, R > L.

(4c)

For a steep turbulent spectrum dominated by large-scale
turbulent ﬂuctuations (Lazarian & Pogosyan 2004) with
α<−3, e.g., Kolmogorov turbulence, Li is the outer scale
of density ﬂuctuations, and only Equation 4(a) is applicable.
We then have

(2 )

We note that for Kolmogorov turbulence, m=2/3 and
α=−11/3.
To calculate the SF of dispersion measures DM = ò ne dl ,
where ne is the electron density, we consider two cases with (1)
a single thin turbulent screen between the sources and the
observer with the screen thickness much smaller than the
distances of the sources from the observer (Figure 1(a)), and (2)
a turbulent volume along the entire LOS containing both the
sources and the observer (Figure 1(b)). In the former case, only
the components of DMs from the turbulent screen are
correlated.

D (R) » 4⟨dne2 ⟩L i-m LR m + 1, R < L i ,

(5a)

D (R) » 4⟨dne2 ⟩L i L,

(5b)

R > L i.

The dependence on R is seen when R is in the inertial range of
turbulence (<L i ). At R > L i , DMs become uncorrelated, and D
(R) remains constant.
Case (2): a turbulent volume along the entire LOS.In a
different case with both the sources and the observer within the
2
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It has a similar form as Equation (5), but here L is the length of
the entire turbulent volume along the LOS containing both the
sources and the observer. Besides, the extra second term at
R < L i arises from the different distances of sources, which
adds “noise” to the scaling of D(R) with R revealed by the ﬁrst
term. In Equation (11), we assume that the distance differences
can range from 0 to L, but in fact for distant sources from the
observer under consideration, they mainly occupy a subvolume
within the range of distances [L 0, L ], where L 0 > L i . Therefore
D(R) should be adjusted as

same turbulent volume, the SF of DMs is
D (R , l1, l2) = á[DM (X1, l1) - DM (X2, l2
⎡
= ⎢
⎣

l1

ò0

dlne (X1, l) -

» 2D +(R , l+) +

)]2 ñ

⎤2
dlne (X2, l) ⎥
⎦

l2

ò0

1
L(Dl)2 .
2

(6 )

Compared with Case (1) with a localized thin turbulent screen,
the LOS integral here is not limited by the screen thickness, but
is taken over the entire path from the observer to the source.
The difference between the distances of sources Δl only enters
the second term. The dependence on R appears in the ﬁrst term
(LP16),
D +(R ,

l+) =

2 ádne2ñ

l+

ò0

D (R ) =

1
L - L 0 - Dl

d Dl (l+ - Dl)

⎡
⎤
Lm
L im
´⎢ m i
- m
m ⎥,
m
2
2
⎣ L i + Dl
L i + (R + Dl ) 2 ⎦

where l+ = (l1 + l2 ) 2. If we consider distant sources from the
observer with l+ > L i , then we can reach
(8a)

D +(R , l+) » 2⟨dne2 ⟩L im l+R-m + 1, L i < R < l+,

(8b)

D +(R ,

l+) »

2⟨dne2 ⟩L im l+-m + 2 ,

R > l+ ,

which is similar to Equation (4) but L is replaced by l+.
For the second term of D (R, l1, l2 ) in Equation (6), the
coefﬁcient Λ (LP16) can be simpliﬁed to

L

ò-L

d Dl
L - Dl

(9 )

R > L i.
(10b)

dl+D (R , l1, l2)

⎧ 2 ádn 2ñ L -m LR m + 1 + 1 ádn 2ñ L2, R < L
⎪
i
e
i
e
3
»⎨
1
2
2
2
⎪
R > L i.
⎩ 2 ádne ñ L i L + 3 ádne ñ L ,

(14)

(15)

(16)

which is the average value of the squared DM differences of all
pairs of FRBs at a given angular separation. Here X is the
projected position of an FRB on the sky plane, θ is the angular
separation between projected positions, and the angle brackets
denote the spatial average at a ﬁxed θ. From the sky
distribution of FRBs with measured DMs shown in Figure 2,
we see that they sample the turbulent ﬂuctuations along the
LOS in different directions. So we are unlikely biased to detect
the turbulent structure toward a particular direction. The result
for the SF is displayed in Figure 3(a), where the error bars show
95% conﬁdence intervals. The error bars are larger toward a
small θ due to the fewer number of pairs of FRBs available at a
small θ. Based on the above analysis, we use a function
D (q  13 . 8)[pc2 cm-6] = a (q [])b + g

(17)

to ﬁt the data points at small θ. We ﬁnd that for the best leastsquares ﬁt, there are
a = 8595  1.03 ´ 10 4 ,
b = 1.68  0.44,
g = 5.13 ´ 10 4  5.87 ´ 10 4 ,

L - ∣ Dl ∣ 2

ò∣Dl∣ 2

dl+D (R , l1, l2)

0

D (q ) = á(DM (X1) - DM (X2 ))2 ñ ,

The quantities related to the distances of sources, i.e., l+, Δl, do
not distort the power-law scaling of D (R, l1, l2 ) with R.
Next by averaging over l+ and Δl, we can obtain
1
2L

L - ∣ Dl ∣ 2

òL +∣Dl∣ 2

Using the most updated published population of FRBs
(Petroff et al. 2016),4 we calculate the SF of their measured
total DMs as

D (R , l1, l2) » 4 ádne2ñ L i-m R m + 1l+ + ádne2ñ (Dl)2 , R < L i ,
(10a)

D (R ) =

(13)

3. SF of DMs of FRBs

where the expression in Equation (1) is used. We again
consider a steep turbulent spectrum with α<−3. Based on the
above expressions, we now approximately have

D (R , l1, l2) » 4 ádne2ñ L i l+ + ádne2ñ (Dl)2 ,

d Dl

0

As a result, compared with Equation (12), we see an increase of
the ﬁrst term by a factor of (1 + L 0 L ) and a decrease of the
second term by a factor of (L - L 0 )2 L2 , leading to a
signiﬁcantly reduced level of “noise.”

(8c)

L = x (0, l+) - x (R , l+) + 2x (R , 0)
⎡ Lm
L im
= ádne2ñ ⎢ m i m - m
m
L i + (R 2 + l+2 ) 2
⎣ L i + l+
Lm ⎤
+ 2 m i m ⎥,
Li + R ⎦
⎧ 2 ádn 2 ñ , R < L
i
e
»⎨
0,
R
L
>
⎩
i,

L-L 0

ò-L+L

⎧ 2 á d n 2 ñ L -m ( L + L ) R m + 1 + 1 á d n 2 ñ ( L - L ) 2 ,
0
0
e
i
e
3
⎪
⎪
R < Li
»⎨
⎪ 2 ádne2ñ L i (L + L 0) + 1 ádne2ñ (L - L 0 )2 ,
3
⎪
R > L i.
⎩

(7 )

D +(R , l+) » 2⟨dne2 ⟩L i-m l+R m + 1, R < L i ,

1
2 (L - L 0 )

(11)

(18)

where the uncertainties are given at 68% conﬁdence. D(θ)
saturates and basically remains constant at q > 13 . 8.

(12)

4

3
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Figure 2. FRBs with measured DMs on the sky in Galactic coordinates. The circle size scales with DM. The color coding gives the DM values.

The SF of DMs of FRBs at cosmological distances can be
decomposed into its Galactic component DG and extragalactic
component DE,

be
m + 1 = 1.68,
⎛ p ⎞m + 1
⎟
4 ádne2ñ L i-m Lm + 2 ⎜
= 8595,
⎝ 180 ⎠

D (R )
= á[DM G (X1) + DME (X1) - DM G (X2) - DME (X2)]2 ñ

C = 5.13 ´ 10 4 ,
Li
» 0.24.
L

DM G (X2)]2ñ
= á
[DM G (X1) 
DG

DME (X2)]2ñ ,
+ á
[DME (X1) 

(22)

From the above constraints one can easily get
ádne2ñ L2 [pc2 cm-6] = 7.35 ´ 10 5.

DE

(19)

(23)

It requires that the typical DMG of an FRB is
where DMG and DME are the Galactic and extragalactic
components of the total DM, respectively. We next consider
two different cases with the power-law behavior of D(θ)
dominated by (1) the Galactic ISM, or (2) the IGM.
(1) The Galactic ISM.If the DMsE toward different FRBs
are uncorrelated, then DE is independent of R. We can write
Equation (19) as
D (R) = DG (R) + C,

DM G [pc cm-3] » ne L ~

where C is a constant representing DE. In this situation, Case
(1) in Section 2 applies, and our Galaxy acts as a thin turbulent
screen with the thickness L given by the average path length
through the Galactic ISM. We consider that the Galactic
interstellar turbulence has a steep power-law spectrum and its
driving scale is much smaller than L (Armstrong et al. 1995;
Chepurnov & Lazarian 2010; Chepurnov et al. 2010).
Accordingly, DG can be described by Equation (5), and thus
there is
(21a)

D (q ) » 4 ádne2ñ L i L + C , q > L i L,

(21b)

(24)

Obviously, this value is much larger than those of pulsars in the
high Galactic latitude region where most FRBs were detected
(Cordes & Chatterjee 2019). In fact, the IGM is believed to be
the dominant source of dispersion for most FRBs (Ioka 2003;
Inoue 2004; Lorimer et al. 2007; Thornton et al. 2013). In
Figure 3(b), we present the SF of DMsE, where
DME = DM - DMG , and DMG is estimated based on the
NE2001 Galactic electron density model (Cordes & Lazio 2002;
Petroff et al. 2016).5 The difference between Figures 3(a) and
(b) is marginal, which conﬁrms the negligible Galactic
contribution to D(θ).
(2) The IGM. If the DMsE are correlated so that DE is a
function of R, then D(R) mainly reﬂects the statistical
properties of the intergalactic turbulence given DE  DG . By
probing the intergalactic turbulence along the entire LOS, we
are dealing with Case (2) in Section 2. Hence, we
approximately have

(20)

D (q ) » 4 ádne2ñ L i-m Lm + 2q m + 1 + C , q < L i L,

ádne2ñ L = 857.

where we use θ=R/L as the angular separation corresponding
to R. We compare Equation 21(a) with the ﬁt to the measured D
(θ) in Equation (17). To explain the observations, there should
5

4

D (q ) » DE (q )

(25)

⎧ 2 ádn 2ñ L -m (L + L ) Lm + 1q m + 1
0
e
i
⎪
1
2
⎪
+ 3 ádne ñ (L - L 0 )2 ,
q < Li /L
»⎨
⎪ 2 ádne2ñ L i (L + L 0) + 1 ádne2ñ (L - L 0 )2 ,
3
⎪
q > L i L,
⎩

(26)

Here we exclude the source with DMG>DM.
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Figure 3. (a) D(θ) vs. θ for 112 FRBs. Error bars indicate 95% conﬁdence intervals. The dashed line is the ﬁt to the data points at small θ with the ﬁtting function and
parameters given by Equations (17) and (18). (b) Same as (a), but for DE (q ). The dashed line shows the ﬁt (Equation (17)) with a = 1.13 ´ 10 4  1.31 ´ 10 4 ,
b = 1.60  0.43, and g = 4.17 ´ 10 4  6.50 ´ 10 4 , where the uncertainties are given at 68% conﬁdence.

where θ=R/L and L is the depth of the intergalactic turbulent
volume that FRBs sample. Here we use Equation (15) under
the consideration that FRBs are distant sources from the
observer and the distances of most FRBs are larger than L0,
which can be constrained by the observational result (see
below).
Similar to the earlier analysis, the comparison between
Equation (26) and the ﬁt to data (Equations (17) and (18)) leads
to

Its numerical value (Zhang 2018)
DMIGM » 807 pc cm-3

(27)

From these relations we obtain
m = 0.68,

(28)

L0
» 0.59,
L

(29)

Li
» 0.24.
L

(30)

(1 + z) dz
1
[Wm (1 + z)3 + WL]2

(31)

is shown in Figure 4(b), where Wm = 0.3089  0.0062 and
WL = 0.6911  0.0062 are the matter density parameter and
dark energy density parameter (Planck Collaboration et al.
2016). By assuming DME » DMIGM , we see that the redshift
corresponding to DMEp is approximately 0.36. The LOS
comoving distance for z=0.36 is 1455 Mpc. We adopt
L=1455 Mpc as the size of the intergalactic turbulent volume
sampled by most FRBs and obtain L i » 350 Mpc
(Equation (30)) as the estimated driving scale of intergalactic
turbulence. This is of the same order of magnitude as the scale
of galaxy superclusters (Oort 1983), indicative of a possible
connection between the formation of superclusters and
intergalactic turbulence.
Our result can be treated as a tentative evidence for the
Kolmogorov intergalactic turbulence up to the scale of the
order of 100 Mpc. Upcoming observations of a larger
population of FRBs will be used for further testing the result.

m + 1 = 1.68,
⎛ p ⎞m + 1
⎟
2 ádne2ñ L i-m (L + L 0) Lm + 1⎜
= 8595,
⎝ 180 ⎠
1
ádne2ñ (L - L 0 )2 = 5.13 ´ 10 4 ,
3
Li
» 0.24.
L

ò0

z

4. Conclusions
Despite its astrophysical and cosmological signiﬁcance, the
large-scale intergalactic turbulence and its statistical properties
are poorly constrained by both observations and simulations.
FRBs, with their cosmological distances and isotropic sky
distribution, can serve as unique probes of the intergalactic
turbulence. This work further demonstrates the universality of
turbulence in the universe and provides information on the
turbulence properties in the range of length scales beyond that
of earlier measurements (see Figure 5).
The SF of DMs of FRBs provides a direct measurement of
the multiscale turbulent ﬂuctuations in electron density in the
turbulent volume that FRB signals travel through. As the FRB
signal passes through its host galaxy, the IGM, and the Milky
Way, its DM includes multiple components. The resulting SF
of DMs also contains the Galactic and extragalactic components. The latter is mainly contributed by the IGM under the
assumption of generally small host contributions to DMs

Equation (28) indicates that the intergalactic turbulence follows
the Kolmogorov scaling (m=2/3). We note that the
Kolmogorov scaling also applies to magnetized turbulence
(Goldreich & Sridhar 1995; Lazarian & Vishniac 1999; Cho
et al. 2002), which would not be distorted by the presence of
intergalactic magnetic ﬁelds (Ryu et al. 2008).
By using Equation (30), we can also evaluate the driving
scale of intergalactic turbulence, which is about one order of
magnitude smaller than L. From DME distribution (see
Figure 4(a)), where we subtract DMG based on the NE2001
model (see above), we ﬁnd the peak at DMEp » 306.3 pc cm−3.
The relation between the intergalactic component of DM,
DMIGM, and redshift z was derived by Deng & Zhang (2014).
5
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Figure 4. (a) DME distribution for the entire FRB sample. The thick solid line shows the kernel density estimate of the distribution. The peak of the distribution at
DMEp = 306.3 pc cm−3 is indicated by the vertical dashed line. (b) DMIGM–z relation (solid line). The dashed line marks z » 0.36 corresponding to DMEp.

the SF of total DMs and that of extragalactic DMs with the
Galactic contributions subtracted based on the NE2001 model.
The large amplitude and power-law behavior of SF lead to
the conclusion that the large and correlated DM ﬂuctuations
originate from the IGM. The comparison with the measured SF
suggests that the intergalactic turbulence has a Kolmogorov
scaling and a large driving scale on the order of 100 Mpc
corresponding to the transition angular separation where the SF
saturates. The Kolmogorov velocity spectrum of cosmological
turbulence up to the scale of superclusters (∼100 Mpc), which
is the largest scale of inhomogeneities in the universe, is
suggested by some cosmological models (e.g., Ozernoi 1978).
However, it is known that the structure formation models
involving primordial cosmic turbulence face some observational difﬁculties (Goldman & Canuto 1993), and the role of
hydrodynamics beyond the scales of galaxy clusters remains an
unsolved problem.
The current measured SF especially at small angular
separations suffers from small source statistics and thus has a
large uncertainty. Future observational tests with a larger
population of FRBs are necessary for further studying the
intergalactic turbulence and its cosmological implications on
structure formation scenarios.

Figure 5. 3D power-law index ∣a∣ of turbulence vs. the range of length scales
where the turbulent power spectrum is measured in the Milky Way (Armstrong
et al. 1995; Chepurnov & Lazarian 2010), Hydra A galaxy cluster (Vogt &
Enßlin 2005), the Coma galaxy cluster (Schuecker et al. 2004), and in the IGM
taken from this work. The shaded region indicates the uncertainty. The dashed
line marks the Kolmogorov index.

S.X. acknowledges the support for program number HSTHF2-51400.001-A provided by NASA through a grant from the
Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy,
Incorporated, under NASA contract NAS5-26555.

(Shannon et al. 2018). The power-law behavior of SF at small
angular separations is expected from the energy cascade of
turbulence in the inertial range. As the turbulent ﬂuctuations in
different host galaxies are uncorrelated, this power-law feature
of SF can only come from either the Galactic interstellar
turbulence or the intergalactic turbulence. The SF saturates at
large angular separations as the electron density ﬂuctuations are
uncorrelated on scales beyond the inertial range of turbulence.
It is well established and tested that the Galactic ISM is
turbulent and the turbulence has a characteristic Kolmogorov
power spectrum in the warm ionized medium (Armstrong et al.
1995; Han et al. 2004; Chepurnov & Lazarian 2010). By
comparing the observationally measured SF with the theoretically modeled SF dominated by the Galactic ISM, although
the Kolmogorov power-law scaling can be explained, the
Galactic DMs are too small to account for the measured SF
value. This is also conﬁrmed by the minor difference between

ORCID iDs
Siyao Xu https://orcid.org/0000-0002-0458-7828
Bing Zhang https://orcid.org/0000-0002-9725-2524
References
Armstrong, J. W., Rickett, B. J., & Spangler, S. R. 1995, ApJ, 443, 209
Brandenburg, A., & Lazarian, A. 2014, in Microphysics of Cosmic Plasmas,
ed. A. Balogh et al. (Boston, MA: Springer), 87
Burkhart, B., Falceta-Gonçalves, D., Kowal, G., & Lazarian, A. 2009, ApJ,
693, 250
Chandrasekhar, S. 1949, ApJ, 110, 329
Chepurnov, A., & Lazarian, A. 2010, ApJ, 710, 853

6

The Astrophysical Journal Letters, 898:L48 (7pp), 2020 August 1

Xu & Zhang

Chepurnov, A., Lazarian, A., Stanimirović, S., Heiles, C., & Peek, J. E. G.
2010, ApJ, 714, 1398
Cho, J., Lazarian, A., & Vishniac, E. T. 2002, ApJ, 564, 291
Cordes, J. M., & Chatterjee, S. 2019, ARA&A, 57, 417
Cordes, J. M., & Lazio, T. J. W. 2002, arXiv:astro-ph/0207156
Deng, W., & Zhang, B. 2014, ApJL, 783, L35
Evoli, C. 2010, PhD thesis, International School for Advanced Studies
Evoli, C., & Ferrara, A. 2011, MNRAS, 413, 2721
Gaensler, B. M., Haverkorn, M., Burkhart, B., et al. 2011, Natur, 478, 214
Goldman, I., & Canuto, V. M. 1993, ApJ, 409, 495
Goldreich, P., & Sridhar, S. 1995, ApJ, 438, 763
Han, J. L., Ferriere, K., & Manchester, R. N. 2004, ApJ, 610, 820
Heyer, M. H., & Peter Schloerb, F. 1997, ApJ, 475, 173
Iapichino, L., Schmidt, W., Niemeyer, J. C., & Merklein, J. 2011, MNRAS,
414, 2297
Inoue, S. 2004, MNRAS, 348, 999
Ioka, K. 2003, ApJL, 598, L79
Lazarian, A., Eyink, G. L., Jafari, A., et al. 2020, PhPl, 27, 012305
Lazarian, A., & Pogosyan, D. 2000, ApJ, 537, 720
Lazarian, A., & Pogosyan, D. 2004, ApJ, 616, 943
Lazarian, A., & Pogosyan, D. 2006, ApJ, 652, 1348
Lazarian, A., & Pogosyan, D. 2016, ApJ, 818, 178
Lazarian, A., & Vishniac, E. T. 1999, ApJ, 517, 700
Li, Y., Gendron-Marsolais, M.-L., Zhuravleva, I., et al. 2020, ApJL, 889, L1
Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic, D. J., &
Crawford, F. 2007, Sci, 318, 777

Macquart, J.-P., & Koay, J. Y. 2013, ApJ, 776, 125
McKee, C. F., & Ostriker, E. C. 2007, ARA&A, 45, 565
Oort, J. H. 1983, ARA&A, 21, 373
Ozernoi, L. M. 1978, in IAU Symp. 79, The Large Scale Structure of the
Universe, ed. M. S. Longair & J. Einasto (Dordrecht: D. Reidel), 427
Petroff, E., Barr, E. D., Jameson, A., et al. 2016, PASA, 33, e045
Planck Collaboration, Ade, P. A. R., & Aghanim, N. 2016, A&A, 594, A13
Qian, L., Li, D., & Goldsmith, P. F. 2012, ApJ, 760, 147
Rauch, M., Sargent, W. L. W., & Barlow, T. A. 2001, ApJ, 554, 823
Ravi, V., Shannon, R. M., Bailes, M., et al. 2016, Sci, 354, 1249
Ryu, D., Kang, H., Cho, J., & Das, S. 2008, Sci, 320, 909
Schuecker, P., Finoguenov, A., Miniati, F., Böhringer, H., & Briel, U. G. 2004,
A&A, 426, 387
Shannon, R. M., Macquart, J.-P., Bannister, K. W., et al. 2018, Natur, 562, 386
Thornton, D., Stappers, B., Bailes, M., et al. 2013, Sci, 341, 53
Vogt, C., & Enßlin, T. A. 2005, A&A, 434, 67
Xu, S. 2020, MNRAS, 492, 1044
Xu, S., & Yan, H. 2013, ApJ, 779, 140
Xu, S., & Zhang, B. 2016a, ApJ, 824, 113
Xu, S., & Zhang, B. 2016b, ApJ, 832, 199
Xu, S., & Zhang, B. 2017, ApJ, 835, 2
Yuen, K. H., & Lazarian, A. 2017, ApJL, 837, L24
Zhang, B. 2018, ApJL, 867, L21
Zhang, B., & Yan, H. 2011, ApJ, 726, 90
Zhu, W., Feng, L.-L., & Zhang, F. 2018, ApJ, 865, 147

7

